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In Brief
Czerniak et al. identify a mechanism for epithelial spreading during the process of head involution in Drosophila involving a pattern of contractile forces. These contractile forces are necessary for spreading and also for correct epithelial segment positioning. Hedgehog signaling is involved in the regulation of the patterned contractile forces.
SUMMARY
Epithelial spreading is a fundamental mode of tissue rearrangement occurring during animal development and wound closure. It has been associated either with the collective migration of cells [1, 2] or with actomyosin-generated forces acting at the leading edge (LE) and pulling the epithelial tissue [3, 4] . During the process of Drosophila head involution (HI), the epidermis spreads anteriorly to envelope the head tissues and fully cover the embryo [5] . This results in epidermal segments of equal width that will give rise to the different organs of the fly [6] . Here we perform a quantitative analysis of tissue spreading during HI. Combining high-resolution live microscopy with laser microsurgery and genetic perturbations, we show that epidermal movement is in part, but not solely, driven by a contractile actomyosin cable at the LE. Additional driving forces are generated within each segment by a gradient of actomyosin-based circumferential tension. Interfering with Hedgehog (Hh) signaling can modulate this gradient, thus suggesting the involvement of polarity genes in the regulation of HI. In particular, we show that disruption of these contractile forces alters segment widths and leads to a mispositioning of segments. Within the framework of a physical description, we confirm that given the geometry of the embryo, a patterned profile of active circumferential tensions can indeed generate propelling forces and control final segment position. Our study thus unravels a mechanism by which patterned tensile forces can regulate spreading and positioning of epithelial tissues.
RESULTS

Epidermal Spreading during Head Involution Results in Evenly Distributed Segments of Equal Width
We imaged epidermal progression at the anterior pole of the embryo, combining a dorsal and a lateral view. Expressing GFP with the engrailed promoter, we could follow the progression of the leading edge (LE) of the epidermis as well as of the posterior compartment of each of its segments ( Figure 1A ; Movie S1). After fusion of the dorsal ridge, the LE starts progressing toward the anterior pole of the embryo. Lateral imaging reveals two distinct modes of spreading: (1) the dorsal epidermis first spreads dorsally toward the anterior while the ventral epidermis remains static, and (2) once the segments are almost orthogonal to the anteroposterior (AP) axis, the entire tissue progresses toward the anterior pole of the embryo (see red dashed lines in Figure 1A ; Movie S1). We have quantified the time course of progression of individual segments by tracking the LE and posterior segment boundaries on the dorsal side of the embryo ( Figure 1B ). After individual segments have successively fused due to zippering, their progression appears almost linear, with velocities ranging from 0.3 to 0.8 mm/min ( Figure 1B) . Ultimately, this progression leads to a regular segment positioning along the AP axis with constant segment width ( Figures 1C and S1A ).
Active Tension in a Supracellular Actomyosin Cable at the LE Promotes Epidermal Spreading Active forces generated by actomyosin are essential for regulating cell shape, remodeling, and migration [7] . Using confocal microscopy, we thus generated time-lapse images of the dorsal view of embryos expressing myosin II tagged with GFP (squash [sqh]-GFP) (Figure 2A ; Movie S2).
We observed that the epidermis is spreading in a sliding-like fashion over the head tissues until covering the whole of the embryo. This progression is not associated with the appearance of cellular protrusions in LE cells, such as lamellipodia or filopodia ( Figure S1B ). This indicates that cells are not actively crawling toward the anterior pole. Instead, the dorsal view of the tissue shows myosin enrichment at the LE, corresponding to a supracellular actomyosin cable (Figure 2A ; Movie S2).
To evaluate whether this actomyosin cable generates contractile forces, we measured its initial retraction velocity after laser microsurgery. Assuming a constant viscous drag, the initial retraction velocity is directly proportional to the mechanical tension generated in the cable [8, 9] . We found that initial retraction velocity is four times higher for the LE cable than for AP cell junctions in the epidermis ( Figure 2B ). It remains approximately constant during the entire process of head involution (HI) ( Figure S1C ). Simple geometric considerations show that the pressure generated by a contractile ring on an ovoid embryo has a tangential component ( Figure 2C ). This force component can promote movement of the ring along the ovoid [4, 10] . To investigate whether such a mechanism acts during HI, we performed repeated ablations of the LE cable on individual embryos approximately every 40 s over the time course of 5 min. This procedure resulted in the arrest of LE movements, indicating that both contractile tension in the LE cable and cable integrity are necessary for epidermal progression ( Figure 2D ).
Epidermal spreading occurs simultaneously with the release of segments by zippering (Movie S1). To investigate whether segment release provides an essential driving force for tissue spreading, we impaired zippering by expressing a dominant-negative form of Rac (Rac-N17) in the amnioserosa tissue covering the dorsal gap [11] . Epidermal spreading was effectively limited to the two most anterior segments, which fused correctly under these conditions ( Figure 2E ). By the end of HI they fully covered the head, with their AP length increased compared to WT embryos ( Figure 2E ). This indicates that zippering, although required for correct segment size, is not necessary for the epidermis to spread over the entire head.
Altogether, these results are consistent with a pulling force exerted by the LE that powers the spreading. However, two experimental observations indicate the involvement of additional forces: (1) after the first segment arrives at the anterior pole, i.e., making the LE ineffective as a force generator, the other segments are still progressing anteriorly for about 40-60 min ( Figure 1B) , and (2) although continuous LE cable dissection arrests LE progression, the progression of posterior thoracic segments is not affected ( Figure 2D ).
Actomyosin Contractility within Individual Epidermal Segments Generates a Gradient of Tension and Promotes Epithelial Progression
In order to determine the presence of additional forces promoting epidermal spreading, we performed time-lapse imaging of E-cadh-GFP-expressing embryos, capturing the progression of segments during the last 60 min of spreading, i.e., after the LE has arrived at the anterior pole. The apical surface of epidermal cells shows a stereotypic pattern with elongated cells in the anterior part of each segment and a more squarelike apical cell surface in the posterior part ( Figures 3A and  3E ). This difference in shape has previously been reported in the embryonic epidermis in association with the existence of denticle belts [12] [13] [14] . With the help of automated image segmentation, we extracted the contour of individual cells and estimated shape anisotropy by calculating the circularity of apical cell surfaces (Figures 3A, 3E, and 3F; Supplemental Experimental Procedures) [8] . We observed a gradient in average cell circularity along the AP axis of each thoracic segment. Cells located directly posterior to the segment boundary are preferentially elongated along the dorsoventral (DV) axis, with circularity between 0.1 and 0.3. In contrast, cells located in the posterior of each segment display a more isotropic shape, with circularity between 0.6 and 0.8.
Cell shape is mostly dependent on forces generated by the cytoskeleton [15] . To relate differences in apical cell-surface geometry to cortical tension, we performed laser dissection of individual cell junctions. We found a strong anisotropy of tension, with retraction velocities of AP junctions ten times higher compared to that of DV junctions ( Figures 3B and 3C ). This finding indicates that epidermal tension is oriented orthogonally to the movement of the epidermis, suggesting that, similar to the LE cable, the epidermis generates additional forces promoting tissue movement. Furthermore, we found that the tension of AP cell junctions strongly depends on the position of the cell along the AP axis. We observed a gradient in AP cell junction tension, with lower tensions in the anterior compartment and higher tensions in the posterior compartment of each segment ( Figures  3G and S2A) . A minimum of tension was detected in the most elongated cells, with a retraction velocity of 0.3 mm/s on average. A maximum of tension was detected in junctions corresponding to parasegment and segment boundaries, with a retraction velocity of 0.8 mm/s on average. The observed maximum in tension corresponds to the presence of supracellular myosin cables at the posterior side of the segment (Figures 3D and S2B ; see also [16] ).
To relate the observed tension gradient to actomyosin contractility at the apical side of epidermal cells, we locally injected the Rho-kinase inhibitor Y-27632 at the anterior pole of embryos expressing E-cadh-GFP (see the Supplemental Experimental Procedures). Upon Rho-kinase inhibition, the previously described gradient in cell shape is abolished ( Figures 3E and 3F ). Cells are more elongated than in WT. In particular, laser dissection experiments revealed that the gradient in tension is disrupted. Assuming that friction is not affected by Rho-kinase inhibition, the junctional tension overall appears lower than in WT ( Figure 3G ). Tissue progression is almost arrested everywhere in the epidermis, confirming that actomyosin contractility in the epidermis is required for spreading to occur ( Figure S2C ; Movie S3). This conclusion is further confirmed with mutants directly affecting myosin activity, such as zip mutants and non-phosphorylatable sqh mutants [17, 18] . zip mutants exhibit a significant reduction in spreading velocity and mispositioned segments at the end of HI ( Figure S2D ; Movie S3). An even stronger effect is observed in embryos expressing a non-phosphorylatable form of myosin (see the Supplemental Experimental Procedures). In this case, spreading is indeed blocked (Figure S2E ; Movie S3).
Altogether, our results reveal that a gradient of circumferential tension is present within each segment along the AP axis. Furthermore, our observations indicate that actomyosin contractility generates the observed gradient of tension within the epidermis and drives epidermal progression.
Perturbation of Hedgehog Signaling Alters Epidermal Tension and Impairs Epidermal Progression and Final Segment Positioning
Epidermal segments are compartmentalized into stripes of cells orthogonal to the AP axis expressing different signaling molecules such as Wingless (Wg) or Hedgehog (Hh) [19] [20] [21] . It has been previously shown that Hh signaling can promote cell-shape remodeling by the regulation of myosin levels and junctional tension [22, 23] . To test whether Wg or Hh signaling is involved in the regulation of junctional tension in cells of the dorsal epidermis, we up-and downregulated Wg and Hh signaling, respectively (see the Supplemental Experimental Procedures). Wg downregulation (UAS-Axin-GFP, pannier [pnr]-GAL4) leads to a strong defect in zippering and an overstretching of the anterior segments during spreading ( Figure S3A) . Downregulation of Hh, using a negative form of Patched (UAS-Ptc Dloop2 , pnr-GAL4), leads to impaired spreading ( Figure S3B ; Movie S4). Upregulation of Hh was performed with either (1) UAS-hh, pnr-GAL4 or (2) an active form of the Hh receptor Ptc (UAS-Hh-Ptc, pnr-GAL4). A previous study has shown that ectopic expression of Hh with pnr-GAL4 homogenizes Patched expression and Hh signaling in the engrailed non-expressing cells in the dorsal epidermis [24] . In both cases, the epidermis spreads and covers the head (Figures 4A and S3C ; Movie S4). However, we observed in these embryos the disruption of the gradient of circularity along the AP axis ( Figures 3E, 3F , and S3C). Cells have a higher circularity on average, suggesting higher apical contractility. The intersegment boundaries are less pronounced ( Figure S3E ), in line with previous observations on the maintenance of segment boundaries [16, 23] . Laser dissection experiments of individual cell junctions confirm that the tension is homogeneous along the AP axis, with a retraction velocity of 0.5 mm/s on average ( Figure 3G) . Assuming friction is unchanged, the tension of intersegment boundaries is significantly lower than in WT. The spreading of individual segments in Hh-expressing embryos is impaired, and we observed a slower spreading than in WT ( Figure S3D ; Movie S4). The final width and positioning of epidermal segments were also altered. In contrast to WT, we observed a progressive decrease in segment width from the anterior to posterior ( Figures 4A and 4B) . A geometrical estimation shows that, instead of segment width, the surface area of individual segments within Hh-overexpressing embryos is now constant ( Figure 4C ).
Spreading and Final Epidermis Positioning Are Recapitulated by a Biophysical Description Including Patterned Contractile Forces
We developed a simple biophysical description of epidermal spreading during HI ( Figure 4D ; Supplemental Information). The embryonic head is approximated by a paraboloid (Figure S4A ), whose axis of rotational symmetry coincides with the AP axis. The radius of the embryo at position x along the AP axis is denoted by r(x). The line tension, T, of a circumferential cable induces a force density pointing toward the interior of the embryo; the force magnitude according to the law of Laplace is given by T=rðxÞ. Due to the tapering of the embryo toward the anterior pole, this force density has a component f t ðxÞ in the tangential direction, which can act as a driving force of tissue progression during HI ( Figure 2C ). We consider the epidermis a 2D elastic sheet that can be described by bulk and shear modulus. Because frequent intercalations occur during spreading, we neglect shear stresses. In Figure 4D , we consider only the segment boundaries, represented as nodes p i on the radius function r. Because the boundary between segments A3 and A4 does not progress along the AP axis, we consider it fixed ( Figure S4B) . As a result, we can consider only the anterior half of the embryo. Furthermore, we assume each segment to have the same preferred area A 0 . Such an assumption is justified by the observation that the average cell area and segment peripheral area increase proportionally to each other, i.e., the cell number in each segment appears approximately constant ( Figure S4C ). Elastic interactions within the epidermis lead to a force density f i , acting on each node p i , with magnitude
Here, K is a stiffness related to the bulk modulus of the material, A i is the segment area, and t i is a normalized tangential vector at p i . At the end of the process, we can assume that all forces are balanced, yielding
Considering active tension coming only from the cable at the LE would result in ðA i À A iÀ1 Þ = 0 for i = 2; 3; 4; 5; 6;
i.e., all segments would end up with identical peripheral area. In that case, due to the ovoid geometry of the embryo, the AP widths of all segments would have to be different ( Figure 4E ). In contrast, when adding a contractile gradient of tension within all segments, we can recapitulate the even segment width observed in vivo ( Figures 1C, 4E, and S4D ).
In conclusion, with a simple physical description, we show that patterned contractile forces can indeed determine the position of epidermal segments along the AP axis of the embryo.
DISCUSSION
In this study, we identify the mechanisms promoting epidermal spreading and regulating segment positioning during HI in Drosophila. Due to its complex 3D geometry, the process of HI has been poorly studied so far [25] . Here we present a quantitative description of epidermal spreading during HI. We show that patterned contractile forces along the epidermis drive spreading and determine positioning of epidermal segments. Similar to zebrafish epiboly, actomyosin accumulates at the LE of the progressing epithelium and generates propelling forces. During epiboly, these result from friction associated with actomyosin flows [4] . During HI, in contrast, the LE operates by a purse-string mechanism: due to the geometry of the embryo, a circumferential actomyosin cable generates propelling forces. However, additional forces contributing to spreading are present all along the epidermis. The Drosophila epidermis is segmented at this stage of development [6] ; segment polarity genes are sequentially expressed along the AP axis defining the different segment boundaries. We find that the circumferential tension is periodically increased due to actomyosin cables distributed along the epidermis. More specifically, a gradient of tension is present within each individual segment. These tensions also act in a purse-string-like manner to promote epidermal spreading and are essential for the positioning of segments along the AP axis of the embryo.
Interestingly, affecting Hh signaling impairs the pattern of mechanical tension in the epidermis. A fundamental role of Hh is to define the segmentation of the organism [26] . However, recent work has identified that Hh also influences morphogenesis by acting on cell contractility. For instance, it is required for the formation of the epidermal grooves [27] , invagination of the eye morphogenetic furrow [22] , and maintenance of boundaries in the wing disk [23] . Our results indicate that Hh signaling is also involved in the spatial regulation of contractile forces necessary for proper segment positioning. Additional studies will be required to dissect the tension regulation by segment polarity genes and to understand the feedback between the activation of signaling molecules and the mechanical properties of cells.
Finally, the data presented show that zippering during dorsal closure is necessary for proper segment positioning. By fusing the epidermal layers, zippering allows the formation of the circumferential contractile forces promoting spreading. In return, these force generators could promote zippering by pulling on the zipper itself. This interplay could explain the coordination observed between the two processes [25] . Therefore, epidermal fusion and spreading occurring during Drosophila embryogenesis constitute a promising model system for future studies on the crosstalk between two distinct morphogenetic processes. 
